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Macroscopic realism (MR) specifies that where a system can be found in one of two macroscopically
distinguishable states (a cat being dead or alive), the system is always predetermined to be in one
or other of the two states (prior to measurement). Proposals to test MR generally introduce a
second premise to further qualify the meaning of MR. This paper examines two such models, the
first where the second premise is that the macroscopically distinguishable states are quantum states
(MQS) and the second where the macroscopcially distinguishable states are localised hidden variable
states (LMHVS). We point out that in each case in order to negate the model, it is necessary to
assume that the predetermined states give microscopic detail for predictions of measurements. Thus,
it is argued that many cat-signatures do not negate MR but could be explained by microscopic
effects such as a photon-pair nonlocality. Finally, we consider a third model, macroscopic local
realism (MLR), where the second premise is that measurements at one location cannot cause an
instantaneous macroscopic change to the system at another. By considering amplification of the
quantum noise level via a measurement process, we discuss how negation of MLR may be possible.
I. INTRODUCTION
In his essay of 1935, Schrodinger considered the quan-
tum interaction of a microscopic system with a macro-
scopic system [1]. After the interaction, the two sys-
tems become entangled. If the macroscopic system were
likened to a cat, then according to the standard interpre-
tation of quantum mechanics, it would seem possible for
the cat to be in a state that is neither dead nor alive. The
“Schrodinger cat-state” can take many different forms,
depending on the particular realisation employed for the
microscopic and macroscopic systems and their interac-
tion [2–8].
In this paper, I consider how to experimentally test the
interpretation of the Schrodinger cat-state. The quan-
tum state describing the microscopic and macroscopic
systems after the interaction can be written as
|ψ〉 = 1√
2
(
|dead〉C | ↓〉S + |alive〉C | ↑〉S
)
(1.1)
Here | ↑〉 and | ↓〉 represent two distinct states for the mi-
croscopic sytsem S, and the |dead〉 and |alive〉 symbolise
two macroscopically distinct states for the macroscopic
system C (that we will call the “cat” or the “cat-system”).
The interpretation of the “cat” in the superposition state
(1.1) is that it is “neither dead nor alive”. If the cat-
system is a pointer of measurement apparatus that has
coupled to the microscopic spin system, then the inter-
pretation is suggestive that the pointer is in “two places
at once” [9]. While different signatures have been pro-
posed for Schrodinger cat states [10–15, 24, 29], they are
not all equivalent. The words “neither dead nor alive”
can be interpreted in different ways.
The issue of testing the interpretation of the cat-state
amounts to testing the classical premise of “macroscopic
realism” (MR). Leggett and Garg gave a proposal for such
a test, in their formuation of the Leggett-Garg inequali-
ties [13]. They introduced a framework for the meaning
of MR, which was to consider a system that would al-
ways be found in one of two macroscopically distinguish-
able states (e.g. “dead” or “alive”). They stated as the
premise of MR that the system is always in one or other
of these states prior to measurement. A hidden variable
is introduced, to denote which of these states the system
is in, prior to the measurement. We will denote this hid-
den variable by λM and refer to it as the “macroscopic
hidden variable”.
The objective of this paper is to consider ways to
test MR and to link these tests with signatures of the
Schrodinger cat-state. To do this, we are careful at the
outset to clarify the definition of MR. MR asserts that
the result of a measurement Mˆ that is used to distin-
guish whether the cat-system is dead or alive is predeter-
mined. Because the dead and alive states are macroscop-
ically distinguishable, the measurement Mˆ can be made
with a very large uncertainty (lack of resolution in the
outcomes) and still be 100% effective. This means that
in assuming MR, we classify the state of the cat by the
single parameter λM and do not concern ourselves with
microscopic properties or predictions of that state.
In order to provide a workable signature for an ex-
periment, previous tests of macroscopic realism have in-
troduced a second premise. Once the second premise is
introduced, there is no longer a direct test of MR, be-
cause the signature if verified experimentally can be due
to failure of the second premise, rather than MR. It is
essential therefore that the second premise be as power-
ful as the assumption of MR itself. Leggett and Garg
introduced the second premise of macroscopic noninva-
sive measurability [13], which can be difficult to justify in
real experiments and which has motivated various forms
of non-invasive measurement [14].
In this paper we examine three alternative approaches.
First, in Sections II and III, we analyse the common
methodologies for signifying a Schrodinger cat state,
pointing out that there again a second premise apart
from MR is assumed. Depending on which signature is
used, the second premise is that the macroscopically dis-
tinguishable states of the system are quantum states, or
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2else localised hidden variable states. These two differ-
ent sorts of signatures, that we call Type I and II, are
discussed in Sections II and III. In each case, assump-
tions are made about themicroscopic predictions of those
states for measurements other than Mˆ . This means that
the signatures do not imply negation of MR (as defined
by the macroscopic hidden variable λM ), but could be
explained if we allow that the cat-system be described
by hidden variable states, or else if we allow that there
are microscopic nonlocal effects on the cat-system. Ex-
amples of signatures include violations of Svetlichny-type
inequalities that reveal genuine multipartite Bell nonlo-
cality for Greenberger-Horne-Zeilinger (GHZ) states [15].
In the third approach, presented in Section V, we in-
troduce as the second premise the assumption of macro-
scopic locality (ML). ML asserts that measurements at
one location cannot cause an instantaneous macroscopic
change to the system at another. The combined premises
of MR and ML are called macroscopic local realism
(MLR) [16–18]. A test of MLR can be constructed us-
ing Bell inequalities predicted to hold for two spatially
separated cat-systems. We point out that MLR cannot
generally be expected to fail, because of bounds placed
on the predictions of quantum mechanics by the uncer-
tainty relation [19, 20]. However, we show such tests be-
come possible if one considers experiments that as part
of the measurement process provide amplification of the
quantum noise level [17, 18]. In this case, the meaning of
“macroscopically distinguishable” refers to particle num-
ber differences δ that are large in an absolute sense, but
small compared to the total number of particles of the
system. The second premise is the necessary co-premise
of MR for the experimental scenario where there are two
cat-systems. Proposed experimental arrangements are
based on states that predict a violation of Bell inequali-
ties for continuous variable measurements [21–23].
In Section IV, it is explained that the signatures con-
sidered in Section II and III do not allow a direct nega-
tion of the macroscopic realism (MR) i. e. they do not
directly falsify the macroscopic hidden variable λM . Log-
ically, the signatures can be realised if the second premise
fails with the first one (MR) upheld. This leaves open the
simplest interpretation of the macroscopic pointer (of the
cat-state (1.1)), that the pointer is located at one position
or another but subject to microscopic nonlocal effects due
to the entanglement with the spin system. By contrast,
the tests of Section V are predicted to reveal mesoscopic
nonlocal interactions between two pointers. We give a
discussion of the correlation between these pointers and
the possibility of inferring a “both worlds” (that the cat
is “dead and alive”) interpretation.
II. TYPE I CAT-SIGNATURES: NEGATING
MACROSCOPIC QUANTUM REALISM
We consider a macroscopic or mesoscopic system C
(called the “cat”) and a measurement Mˆ on the system
that yields binary outcomes. The outcomes are distinct
by a quantifiable amount (referred to as N) and corre-
spond to states that we regard as macroscopically distinct
in the limit N → ∞. The two outcomes are labelled
“dead” and “alive” for simplicity, though for finite N the
outcomes are only “N -scopically distinct”. The outcomes
for the measurement Mˆ may arise from an observable
whose results are binned into two categories, bin 1 giving
the outcome “dead” and bin 2 giving the outcome “alive”.
The signature for an “N -scopic cat-state” is a nega-
tion that the system C can be described as a classical
probabilistic mixture of states that are either “dead” or
“alive”. For a Type I signature there is the extra assump-
tion that the “dead” and “alive” states are necessarily
given by a quantum density operator description. Such
classical mixtures can be expressed as [24]
ρ = P1ρ1 + P2ρ2 (2.1)
Here ρ1 is a density operator for the system C giving a
result for measurement Mˆ in bin 1 (and is thus a “dead”
state); and ρ2 is a density operator giving a result in bin 2
(and is thus an “alive” state). The P1, P2 are probabilities
for the system being in state ρ1 or ρ2 respectively (P1 +
P2 = 1). We call the negation of the models (2.1) the
falsification of macroscopic quantum realism.
The model (2.1) can be negated given the restrictions
imposed because ρ is a mixture of quantum states, and
also because the ρi are quantum density operators. It
is straightforward to find criteria to negate (2.1). These
criteria, that negate all relevant classical mixtures where
the regions 1 and 2 suitably defined, provide Type I sig-
natures of a Schrodinger cat-state.
To illustrate, let us consider the superposition state
|ψN 〉 = 1√
2
(
|N〉+ eiφ|0〉
)
(2.2)
Here |n〉 is the eigenstate of mode number nˆ with num-
ber eigenvalue n and we let Mˆ = nˆ. The binned regions
1 (“dead”) and 2 (“alive”) are those that give outcomes
for nˆ as less than N/2, or greater than or equal to N/2,
respectively (Figure 1). To signify that an experimental
system C cannot be described as a mixture (2.1), we pro-
ceed as follows: For any model (2.1), we denote the mean
and variance in the predictions for nˆ given the system is
in ρi by 〈nˆ〉i and (∆nˆ)2i (i = 1, 2). For any mixture (2.1),
the inequality(∑
i
(∆nˆ)2i
)
(∆PˆN )2 ≥ 1
4
|〈Cˆ〉|2 (2.3)
holds. Here Cˆ =
[
nˆ, PˆN
]
and Pˆ = (aˆ − aˆ†)/i is the
mode quadrature amplitude, the aˆ†, aˆ being the cre-
ation, destruction operators for the single-mode system.
The proof is given in Ref. [25] and is based on the
fact that for any observable Bˆ, the mixture (2.1) implies
(∆Bˆ)2 ≥∑i Pi(∆Bˆ)2i where (∆Bˆ)2i is the variance of Bˆ
3N0
P (n)
n
dead alive
Figure 1. Signifying a cat-state by falsifying the quantum real-
ism model (2.1). Measurements Mˆ on a system yield binary
outputs. The Type I signature negates the model (2.1) for
this system, where the quantum density operators ρ1 and ρ2
give the “dead” and “alive” results respectively.
for the state ρi. It is also necessary to use that each ρi
is a quantum state and therefore for two conjugate ob-
servables Aˆ and Bˆ such that Cˆ = [Aˆ, Bˆ], the quantum
uncertainty relation ∆Aˆ∆Bˆ ≥ 12 |〈Cˆ〉| must hold. We see
then that the violation of the inequality (2.3) is a Type
I signature for a cat-state.
The superposition |ψN 〉 violates the inequality (2.3).
The predicted experimental outputs for nˆ are given in
Figure 1 which implies (∆nˆ)2i = 0. The work of Ref.
shows that for the state |ψN 〉, 〈Cˆ〉 is nonzero. The exper-
imental observation of the violation of (2.3) would signify
failure of all relevant classical mixture models, and for a
given N is a Type I signature of the N -scopic cat-state.
Similar considerations give Type I signatures for the
two-mode NOON superposition state
|ψNOON 〉 = 1√
2
(
|N〉A|0〉B + |0〉A|N〉B
)
(2.4)
that has been prepared in the laboratory [26]. The aˆ, bˆ
are boson destruction operators for two modes denoted A
and B, respectively. The |n〉A is the eigenstate of mode
number nˆa = aˆ†aˆ and similarly |n〉B is the eigenstate of
nˆb = bˆ
†bˆ. One can define Mˆ as the mode number dif-
ference Jz = (nˆa − nˆb)/2. The binned regions 1 and 2
are those that give outcomes for Jz as either negative
or positive, respectively. Similar to the above case (2.2),
the NOON state |ψNOON 〉 predicts a binary distribution
as in Figure 1. As one example of a Type I signature,
the system prepared in a NOON state can be rigorously
distinguished from all classical mixtures (2.1) by the ob-
servation of 〈aˆ†N bˆN 〉 6= 0 [24, 27]. This moment has been
measured by higher order interference fringe patterns as
explained in Refs. [24, 26].
We conclude this section by noting that most previous
approaches for signifying a Schrodinger cat-state use a
Type I signature of some sort (though sometimes with
additional assumptions) e.g. see Refs. [2–5].
III. TYPE II CAT-SIGNATURES: NEGATING
LOCALISED MACROSCOPIC HIDDEN
VARIABLE STATE REALISM
The next question is how to negate probabilistic clas-
sical mixtures where the cat-system can be “dead” or
“alive”, without the assumption that the component
states of the mixtures are necessarily quantum states.
This question has been analysed in the literature, but dif-
ferent analyses have introduced different extra assump-
tions (e.g. we will compare Refs. [13, 15, 17, 18, 23, 29]).
In this Section, we examine signatures for the cat-state
based on the additional assumption of locality between
the cat-system C and a second remote system S.
A. Localised macroscopic hidden variable states
We consider Schrodinger’s original formulation of the
cat-paradox, where the cat-system is entangled with a
second system: A common example is [2]
|ψ〉 = 1√
2
(
| − α〉C | ↓〉S + |α〉C | ↑〉S
)
(3.1)
Here | ↑〉, | ↓〉 are the spin-1/2 eigenstates for Jˆz and the
cat-system is modelled as the single bosonic mode in a
coherent state |α〉.
A second example is the Greenberger-Horne-Zeilinger
(GHZ) state comprising N spin-1/2 particles [7, 15]:
|ψGHZ〉 = 1√
2
(
| ↑〉⊗N − | ↓〉⊗N
)
(3.2)
This system can be divided into two subsystems and writ-
ten as
|ψGHZ〉 = 1√
2
(
| ↑〉⊗N−kC | ↑〉⊗kS − | ↓〉⊗N−kC | ↓〉⊗(k)S
)
(3.3)
Here | ↑〉⊕N−k = ∏N−km=1 | ↑〉(m) and | ↑〉⊕k =∏N
m=N−k+1 | ↑〉(m) where | ↑〉(m) is the spin eigenstate
for σˆ(m)Z , the σˆZ observable for the m-th particle. The| ↓〉⊕N−k and | ↓〉⊕k are defined similarly in terms of the
eigenstates | ↓〉. The σˆZ , σˆX and σˆY are the Pauli spin
observables. We classify the first N−k particles as being
part of the cat-system C and the remaining k particles
as forming the second system denoted S. In this case,
the measurement Mˆ is the collective spin
∑N−k
m=1 σˆ
(m)
Z of
the cat-system C and the “dead” and “alive” outcomes
symbolised in Figure 1 correspond to the results N − k
and −(N − k).
Another example of an entangled cat-system is the
NOON state (2.4) where the mode A is the cat-system
C and the mode B is the system S. Here, Mˆ = nˆa and
the dead and alive outcomes are numbers 0 and N as in
Figure 1.
To describe a Schrodinger cat state without the as-
sumption that the dead and alive states are quantum
4cat
spin
cat cat
Figure 2. Signifying a Schrodinger cat-system (3.3) by falsify-
ing all localised macroscopic hidden variable state (LMHVS)
models (3.5). Locality is assumed between the two subsys-
tems S (red) and C (blue), but not within each subsystem.
The violation of the Svetlichny-type multipartite Bell inequal-
ity falsifies all such models for the GHZ state, including for
the system of two cats (top right).
states, we assume a hidden variable model in which the
cat-system C is always either in a hidden variable state
for which the cat is “dead”, or in a hidden variable state
for which the cat is “alive”. These two hidden variable
states need not be quantum states, which limits the cri-
teria that can be applied to negate such a model. For ex-
ample the Type 1 signature (2.3) that assumes the uncer-
tainty relation for each dead and alive state is no longer
useful. In order to derive suitable criteria, we introduce
the further assumption of locality between the two sys-
tems C and S of the cat-states (3.1)-(3.3) and (2.4). We
call such dead and alive hidden variable states (subject to
the assumption of locality) localised macroscopic hidden
variable states.
The locality assumption is based on the principle that
the two subsystems, the “cat” C and the spin S, can be-
come spatially separated, so that measurements made on
them can be space-like separated. The assumption of lo-
cal hidden variables states implies that the joint probabil-
ity for a result xc and xs upon measurements XC(θ) and
XS(φ) on the cat and spin systems respectively can be
written in the form of Bell’s local hidden variable model
(LHV):
P (xc, xs) =
ˆ
ρ(λ)PC(xc|θ, λ)PS(xs|φ, λ)dλ (3.4)
Here the hidden variable state is given by a set of vari-
ables denoted λ and ρ(λ) is the associated probability
density. The θ and φ represent the choice of measure-
ment made at C ≡ A and S ≡ B. The PC(xc|θ, λ)
and PS(xs|φ, λ) are probabilities for the outcome xc (or
xs) given the hidden state λ. The factorisation in the
integrand reflects the locality assumption that the prob-
ability of the outcome at one site does not depend on the
choice of measurement made at the other site.
B. The macroscopic hidden variable λM :
Correlation, LHV models and the macroscopic
pointer
The premise of macroscopic realism (MR) for the cat-
system C places an additional restriction on the LHV
model (3.4). For consistency with MR, each hidden vari-
able state λM comprises a macroscopic hidden variable,
λM , which takes the value +1 if the cat-system is “alive”,
and −1 if the cat-system is “dead”.
However, in the specific examples of the cat-states
(3.1), (3.3) and (2.4), this condition does not have to be
imposed because for these particular correlated states, it
arises naturally as a consequence of the LHV assumption
(3.4). In each case, there is a correlation between the
systems C and S, so that a measurement on the system
S will imply the outcome (whether “alive” or “dead”) for
the cat-system C. For example, for the GHZ state (3.3)
the value of Mˆ can be inferred from the collective spin
measurement OˆS =
∑N
m=N−k+1 σˆ
(m)
Z of the system S.
Similarly for the NOON state, the value of Mˆ = nˆa can
be inferred from measurement OˆS = nˆb on S. Consis-
tency with the LHV model then imposes the condition
that there be a macroscopic hidden variable λM , to de-
note that the for the cat-system C, the measurement Mˆ
has a predetermined outcome i.e. that the “cat” is prede-
termined “dead” or “alive”. This result is proved in Ref.
[31] but is part of the original analysis of “elements of
reality” given by Einstein-Podolsky-Rosen [32].
To remind us of the need for consistency with MR, we
rewrite the LHV model (3.4) as
P (xC , xS) =
ˆ
ρ(λ, λM )PC(xc|θ, λ, λM )
PS(xs|φ, λ, λM )dλdλM (3.5)
where we make the macroscopic hidden variable λM ex-
plicit in the notation. We call this model a localised
macroscopic hidden variable state model (LMHVS). We
also note that this model for the quantum states (3.1),
(3.3) and (2.4) is a model for a quantum measurement
of the system S. The second system C (the cat) acts
as the measurement pointer of a measurement apparatus
that measures an observable OˆS of S. This is because
the result for Mˆ (which gives the measured state of the
“cat”, whether “dead” or “alive”) indicates the result of the
measurement of the observable OˆS of the first system S.
The association in the model (3.5) of a macroscopic hid-
den variable λM gives a theory in which the macroscopic
pointer is pointing “either dead or alive” at all times.
C. Negating localised macroscopic hidden variable
state realism
The negation of the LMHVS model (3.5) is possible
using certain Bell inequalities. To avoid the issue about
which hidden variable states are falsified (those of the cat
system C or the system S), we consider the entangled cat-
states where both systems A ≡ C and B ≡ S are large.
Specifically, we consider the GHZ state comprising N
spin-1/2 particles as two separated spin-systems (Figure
2b) where both k and N − k are large. The negation of
the LHV model (3.4) for this system would tell us that
5there can be no hidden variable state for each subsystem
that is consistent with locality between the two systems
C and S. In particular, this negates that there can be
any mixture for (at least one of) the cat systems which
enable the cat to be in a “dead” or “alive” local state.
For a system prepared in the GHZ state (3.3), the nega-
tion of the LMHVS (3.5) can be proved using Svetlichny
Bell inequalities derived in Refs. [15]. To summarise,
consider the complex operator ΠM =
∏M
j=1 Fj , M ≤ N
where Fj = σ
(j)
X + iσ
(j)
Y (j 6= N) at each of the sites
and FN = σ
(N)
pi/4 + iσ
(N)
3pi/4 (σ
(j)
θ = σ
(j)
X cos θ + σ
(j)
Y sin θ).
Observables ReΠM and ImΠM are defined according to
ΠM = ReΠM + iImΠM . That there cannot be a hid-
den variable set consistent the LMHVS model (3.5) is
proved using the fact that there are algebraic bounds
〈ReΠM 〉, 〈ImΠM 〉 ≤ 2M−1 and 〈ReΠM 〉+ 〈ImΠM 〉 ≤ 2M
for any such underlying hidden variable state. The LHV
model leads to the Svetlichny-Bell inequality [15]
〈ReΠN 〉+ 〈ImΠN 〉 ≤ 2N−1 (3.6)
The inequalities are predicted to be violated by the GHZ
state, which gives the prediction
〈ReΠN 〉+ 〈ImΠN 〉 = 2N−1/2 (3.7)
In fact the violation holds for all bipartitions (3.3) of the
N spin systems i.e. for all values of k. In this way, we
see that we negate any hidden variable model for the
“cat” system of any size, conditional that the state be
consistent with the locality assumption between the two
(potentially macroscopic) systems C and S.
Other Bell inequalities have been constructed that
could be applied to negate the LMHVS model for the
NOON state (2.4) and the entangled cat-state [23]
|ψ〉 = 1√
2
{| − α〉| − α〉+ |α〉|α〉} (3.8)
These violations have been tested in some experimental
situations [28]. Such violations demonstrate the failure of
any hidden variable state to describe a cat-system, given
that this state must be consistent with the assumption of
locality between the cat-system C and a second system
S.
IV. INTERPRETING THE TYPE I AND II
CAT-SIGNATURES
A. Microscopic effects
If a Type I or II cat-signature is observed in an exper-
iment, then it cannot be ruled out that the signature is
due to a microscopic quantum effect. This is because the
Type I and II cat-signatures involve predictions for mea-
surements other than the macroscopic measurement Mˆ .
In order to signify the cat-state using these signatures, it
is necessary to make assumptions about the microscopic
predictions for these measurements − for example that
they are consistent with locality down to a single atom
or photon level. The consequence is that the Type I and
II cat-signatures are not sufficient to negate the validity
of the macroscopic hidden variable λM [31].
To illustrate, the Type I signature given by 〈aˆ†N bˆN 〉 6=
0 for the NOON state is observable as an interference pat-
tern with frequency proportional to N (see Refs. [26]).
The pattern is increasingly difficult to resolve as N →∞
e.g. all photons need to be detected at either one location
or another. (See Ref. [20] for more general results).
Similarly, the Type II signature given by the violation
of the Svetlichny Bell inequality (3.6) requires measure-
ment of the spins σˆX , σˆY of all theN particles. To negate
the hidden variable model (3.5), it is therefore necessary
to assume that the hidden variable states λ give predic-
tions for microscopic features of the cat-system. Bounds
on the detail required to signify certain cat-states by a
Type II signature have been given in Ref. [19, 31] where
it is shown that a measurement resolution at the quan-
tum noise level is necessary.
To summarise: The Type I and II signatures of the cat-
state are a negation that the cat is in an alive or dead
state, where the meaning of “state” is that the “state”
gives microscopic details in the predictions of measure-
ments made on the cat-system. e.g. the Type II sig-
natures are a negation of the hidden variable states that
give microscopic detail in the predictions. Thus, if we sig-
nify the cat-state, we can only say that the cat is neither
in a dead state, nor in an alive state, where the “state”
means a description of the system that gives microscopic
details of certain measurements.
B. Macroscopic pointer
Bearing in mind that the macroscopic hidden variable
predetermines the result for the macroscopic measure-
ment, if we cannot negate the macroscopic hidden vari-
able λM , then the simplest interpretation is that the cat
was indeed “dead” or “alive” prior to the measurement,
and that the signature of the cat-state is evidence of fail-
ure of the assumptions made about the microscopic pre-
dictions for the system [31].
For example, it cannot be excluded that the signatures
are due to a microscopic nonlocal effect. The LHV model
(3.5) assumes full locality between the two systems C
and S. If this full locality is relaxed by a small amount
(to allow small changes of size δ in the cat-state due to
measurements on the spin), then the signature of the cat-
state is nullified.
The interpretation is depicted in Figure 3. Here, the
macroscopic pointer does indeed point to one of two
macroscopically distinct locations x1 and x2 on a mea-
surement dial. In terms of the state (3.1), the positions
represent the xˆ outcomes x1 and x2 corresponding to the
coherent states |α〉 or | −α〉 respectively (α is real). The
6ScatC ScatC
Figure 3. Macroscopic pointer: The pointer in a quantum
measurement process is modelled as the cat-system C of the
cat-state (1.1). The system being measured is modelled as the
spin-system S. When a measurement of the spin σZ occurs,
there are two final positions for the pointer. While a possible
quantum interpretation of the cat-state is that the pointer is
“simultaneously in both positions”, the Type I and II signa-
tures of the cat-state cannot negate the macroscopic hidden
variable λM that predetermines the pointer to be at one lo-
cation or the other. It cannot be excluded that the Type II
signature is due to microscopic nonlocal effects of size ∼ δ
between the pointer C and the spin S (lower diagram). The
cat-state is consistent with the pointer being in one position
or the other (though with a microscopic indeterminacy asso-
ciated with the microscopic nonlocality).
positions are not defined with a microscopic precision,
however, and the pointer may have an indeterminacy δ
in position/ momenta. This is associated with a potential
nonlocal effect of size δ.
In the context of many cat-signatures (see Refs. [4, 17,
19, 31]), “microscopic” implies a size δ of an order defined
by the Heisenberg uncertainty bound. In the above, the
addition of noise δx and δp to the measurements of x and
p where δxδp ∼ 1/2 is known to destroy the quantum
effect −namely, the signature of the cat [19].
V. TYPE III CAT-SIGNATURES: NEGATING
MACROSCOPIC LOCAL REALISM
A strong way to signify a Schrodinger cat-state is to
falsify the macroscopic hidden variable λM . Since this
hidden variable is a predetermination of the macroscopic
measurement M only (not other measurements), the fal-
sification of this variable would imply a genuine negation
of “macroscopic reality (MR)”. In that case, one can say
the “cat” is neither dead nor alive, where this means the
measurement outcome for Mˆ is not predetermined, in
analogy with interpretation discusssed in Schrodinger’s
essay. There have been proposals to falsify MR by negat-
ing the macroscopic hidden variable λM , a well-known
example being the Leggett-Garg proposal [13]. This pro-
posal however involves a second premise. Logically, wher-
ever a second premise is introduced, it is necessary to ex-
amine the second premise closely, since a signature can
occur if the second premise fails, with the first premise
(macroscopic realism) being upheld.
In this Section, we examine an alternative test of
macroscopic realism, one in which macroscopic realism is
defined in conjunction with the second premise of macro-
scopic locality. This means that we consider two spatially
separated systems A and B, and spacelike separated mea-
surements made on each one. The combined premise we
refer to as macroscopic local realism (MLR). We argue
that the premise of macroscopic locality is a suitable co-
premise of macroscopic realism, in that the falsification
of MLR is as significant as falsification of MR.
A. Bell Inequalities for MLR
The premise of MLR combines the premises of macro-
scopic realism and macroscopic locality. Macroscopic re-
alism is that the system A (or B) is in one of two macro-
scopically distinguishable states at all time, in the sense
of the macroscopic hidden variable λAM (or λ
B
M ) being pre-
determined. It is thus assumed that a measurement MˆA
made on system A reads out the value of the hidden vari-
able λAM , defined with a macroscopic degree of fuzziness;
and similarly for a measurement MˆB at B. Macroscopic
locality is that the measurement Mˆ on one system can-
not bring about an immediate macroscopic change to the
system at the other location. By a macroscopic change
in this context, we mean a transition of the macroscopic
hidden variable λM being +1 to being −1 or vice versa
i.e. a transition between “dead” and “alive”. The premise
of macroscopic locality asserts that a measurement can-
not make a macroscopic change to another system, but
we cannot exclude that it can make a microscopic one.
The premise is therefore less strict than the premise of
locality (or local realism) which excludes all changes, mi-
croscopic and macroscopic, and which has been negated.
Let us consider two spatially separated systems A and
B and spacelike separated measurements MˆAθ and Mˆ
B
φ
that can be made on each system. Here θ and φ are
measurement settings and we consider two measurement
choices θ, θ′ and φ, φ′ for each system. We suppose
that the measurements MˆAθ , Mˆ
A
θ′ and Mˆ
B
φ′ , Mˆ
B
φ each give
macroscopically distinct binary outcomes which are de-
noted +1 and −1 (corresponding to “alive” and “dead”
regimes 2 and 1 shown in Figure 4). If we assume macro-
scopic local realism, the following CHSH Bell inequality
will hold [18]
〈MˆAθ MˆBφ 〉 − 〈MˆAθ MˆBφ′〉+ 〈MˆAθ′MˆBφ 〉+ 〈MˆAθ′MˆBφ′〉 ≤ 2
(5.1)
The MLR model is an example of an LHV model and
the derivation of (5.1) is therefore that of the standard
CHSH Bell inequality that applies to all LHV models
where the measurements have binary outcomes [33]. The
violation of (5.1) will imply failure of MLR. Violations of
Bell inequalities for cat-states have been predicted and
observed experimentally [7, 23, 28]. However these do
not involve macroscopic outcomes for all measurements
θ, θ′, φ and φ′ and hence do not violate (5.1). That
signatures of a cat-state require at least one measurement
to be finely resolved is a generic property discussed in
7n
P0
δ
deadP (n)
region 2
alive
region 1
−δ 0
region 0
Figure 4. Practical method for testing δ-scopic LR. The out-
comes of each measurement indicated in Figure 5 is binned
into one of the regions 1, 0, 2. As α→∞, P0 → 0.
Refs [4, 20, 31]. This would seem to make the violation
of (5.1) impossible.
As might be expected, however, the possibility of vio-
lating the inequality (5.1) depends on how we interpret
“macroscopic”. First, we generalise the definition of MLR
by defining δ-scopic local realism (δ-LR). The δ-scopic LR
is falsified where the separation between the outcomes for
the measurements MˆAθ , Mˆ
A
θ′ and Mˆφ′ , Mˆ
B
φ is greater than
or equal to 2δ (Figure 4). We next examine scenarios
where it may be possible to falsify δ-scopic local realism
for some quantifiable δ that can be made large by an am-
plification process that involves measurement of quantum
noise. In the scenarios that we consider, the amplifcation
process occurs as part of a measurement process, similar
to the Schrodinger-cat gedanken experiment.
B. Amplification of the quantum noise level
We now consider in detail proposals that have been
put forward for violating δ-scopic local realism using field
quadrature phase amplitude observables. The crucial
point is that measurement of the field amplitudes takes
place via an amplification process that involves a second
field, so that the final measurement is of a Schwinger spin
[17, 18]. The uncertainty principle for spin is
∆JˆAX∆Jˆ
A
Y ≥ |〈JˆAZ 〉|/2 (5.2)
One is able to create a situation where the quantum noise
level given by |〈JˆAZ 〉|/2 is amplified to a very large pho-
ton number difference (field intensity). This allows con-
sideration of changes of order δ where δ is large in the
absolute sense of particle number (intensity) but small
compared to the quantum noise level. The highly non-
classical mesoscopic effects that are predicted can then
be understood as a property of amplified quantum fluc-
tuations.
The system we consider comprises two spatially sep-
arated modes at A and B (Figure 5). We denote the
modes at A and B by the boson operators, aˆ1 and bˆ1,
respectively. At each location, the mode aˆ1 (or bˆ1) is
combined with a second mode aˆ2 (or bˆ2) respectively.
This combination can occur through a 50/50 beam split-
ter. The outputs at each location are rotated modes
Figure 5. Two Schrodinger cat-type states created as part of
the measurement process: The modes a1 and b1 are created in
an entangled state |ψ〉. The final measurement of the number
difference J = (N+−N−)/2 at each detector is an “amplified”
value of the quadrature phase amplitudes xθ and xφ of the
fields a1 and b1. The amplifcation is created at the beam
splitter where the fields a2 and b2 are independent intense
coherent states |α〉. A Schrodinger cat-type system is then
created at each site A and B.
with boson operators given as cˆ+ = (aˆ1 + aˆ2)
√
2 and
cˆ− = (−aˆ1 + aˆ2)/
√
2 for A, and dˆ+ = (bˆ1 + bˆ2)/
√
2 and
dˆ− = (−bˆ1 + bˆ2)/
√
2 for B. At each location, an exper-
imentalist makes a measurement of a number difference
N+ −N− defined
JˆAθ (ϕ) = (N+ −N−)/2 = (cˆ†2cˆ2 − cˆ†1cˆ1)/2 (5.3)
where cˆ2 = cˆ+ cos θ + eiϕcˆ1 sin θ and cˆ1 = −cˆ+ sin θ +
eiϕcˆ− cos θ. This could be carried out using a phase shift
ϕ and polarising beam splitters rotated to θ with the
modes c+ and c− as inputs. The measurement (5.3) cor-
responds to a measurement of the Schwinger spin observ-
ables JˆAX , Jˆ
A
Y , Jˆ
A
Z at A for the operators a1 and a2.
JˆAX = Jˆ
A
0 (ϕ) = (aˆ
†
2aˆ1 + aˆ
†
1aˆ2)/2
JAY = Jˆpi/4(pi/2) = (aˆ
†
2aˆ1 − aˆ†1aˆ2)/(2i)
JˆZ = Jˆpi/4(0) = (aˆ
†
2aˆ2 − aˆ†1aˆ1)/2 (5.4)
The spin observables at B are defined similarly as
JˆBφ (γ) = (dˆ
†
2dˆ2 − dˆ†1dˆ1)/2 (5.5)
where dˆ2 = dˆ+ cosφ + eiγ dˆ− sinφ and dˆ1 = −dˆ+ sinϕ +
eiγ dˆ− cosϕ. We define the Schwinger observables at B
as JˆBX = (bˆ
†
2bˆ1 + bˆ
†
1bˆ2)/2, Jˆ
B
Y = (bˆ
†
2bˆ1 − bˆ†1bˆ2)/(2i) and
JˆBZ = (bˆ
†
2bˆ2 − bˆ†1bˆ1)/2.
Experiments have been performed where the modes a1
and b1 are created in an entangled state and the fields
a2 and b2 are (to a good approximation) intense classical
fields of amplitude α (which we take to be real), similar to
local oscillator fields [34, 35]. Thus, each of the modes c±
prior to the polarisation measurement JˆAθ (ϕ) has (poten-
tially) a macroscopic photon number (and similarly for
the fields at B). In the experiments, a final polarisation
entanglement between the fields at A and B is signified
via measurements of JˆAθ (ϕ) and Jˆ
B
φ (γ). The measure-
ments JˆAθ (ϕ) and Jˆ
B
φ (γ) are also measurements of the
8quadrature phase amplitudes xˆ, pˆ of the original modes
a1 and b1. This is because we can simplify:
JˆAX = Jˆ
A
0 (pi/2) = α(a1 + a
†
1)/2 = α
√
2xˆA
JˆAY = Jˆpi/4(pi/2) = α(a1 − a†1)/(2i) = α
√
2pˆA
JˆZ = Jˆpi/4(0) = α
2/2 (5.6)
where xˆA = (aˆ†1 + aˆ1)/
√
2 and pˆA = i(a†1 − a1)/
√
2. The
Heisenberg uncertainty relation is ∆xˆA∆pˆA ≥ 1/2. A
similar result holds for the quadrature phase amplitudes
xˆB = (bˆ†1 + bˆ1)/
√
2 and pˆB = i(bˆ†1− bˆ1)/
√
2 defined at B.
In fact Jˆθ(pi/2) = α
√
2xˆA2θ where xˆθ = xˆ cos θ + pˆ sin θ.
We envisage an experiment where at site A, the ex-
perimentalist can measure either JˆAX = Jˆ
A
0 (pi/2) or JˆAY =
Jˆpi/4(pi/2). In terms of the original fields, using the result
(5.6), this corresponds to either α
√
2xˆA or α
√
2pˆA. Each
of JˆAX and Jˆ
A
Y is a measurement of a particle number dif-
ference according to the expression (5.5). The choice of
whether to measure JˆX or JˆY is made after the combina-
tion of the mode a1 with the strong field a2. The JˆAX and
JˆAY are thus measurements of the amplified quadrature
phase amplitudes α
√
2xˆA and α
√
2pˆA. Similar measure-
ments are made at B, where one would measure either
α
√
2xˆA or α
√
2pˆA. Hence if one considers a change δX
(or δP ) in the quadrature phase amplitude Xˆ (or Pˆ ), one
can define in this context an amplified change δ = α
√
2δX
(or α
√
2δP ) for the particle number difference measured
by JˆX (or JˆY ). The change can be made arbitrarily large,
in an absolute sense, by increasing α.
We note the increase in α also amplifies the total num-
ber of particles at each site (this being determined by
|α|2). The nature of the amplification is evident by the
uncertainty relation (5.2) for the actual spin measure-
ments which reduces in this case to
∆JˆAX∆Jˆ
A
Y ≥ |α|2/4 (5.7)
since α is taken to be very large. The amplification that is
crucial to creating the macroscopic states at the locations
A and B is also an amplification of the quantum noise
level, and there is no amplification relative to this level.
C. Using states that violate Continuous Variable
Bell inequalities
One can now design experiments that are predicted to
falsify a δ-scopic local realism. For some states, the cor-
relations obtained for the quadrature phase amplitude
measurements xˆAθ and xˆ
B
φ at each site are predicted to
violate a Bell inequality. The outcome x for the measure-
ment xˆ at each site can be binned into regions of positive
and negative values. We define an observable SˆAθ whose
value is +1 if xAθ ≥ 0 and −1 otherwise. A similar observ-
able SˆBφ is defined at B, based on the quadrature phase
amplitude xˆBφ . It has been shown that for certain states
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Figure 6. Signature of the Schrodinger cat state created by
apparatus of Figure 4: The number differences J = (N+ −
N−)/2 at the site A and B are denoted n and m respectively,
and are binned to the values S = 1 or −1 according to sign as
described in text. Left: The expectation values E violate the
Bell inequality (5.8) for all α → ∞. Right: A contour graph
of the probability for joint outputs n and m. The absolute
values of the number difference outputs n, m increase with α.
|ψ〉 and for certain angles φ, φ′, θ′ and θ, the following
Bell inequality is violated
E = 〈SAθ SBφ 〉 − 〈SAθ SBφ′〉+ 〈SAθ′SBφ 〉+ 〈SAθ′SBφ′〉 ≤ 2 (5.8)
thus negating the possibility of an LHV model describ-
ing the results of those measurements. Since we can also
write JˆAθ = α
√
2xˆA2θ and Jˆ
B
φ = α
√
2xˆB2φ, this inequality is
also violated if we define SˆAθ as the observable with value
+1 if JAθ ≥ 0 and −1 otherwise and SˆBφ as the observable
with value +1 if JBφ ≥ 0 and −1 otherwise. The viola-
tion implies that there is no predetermined (local) hidden
variable description for the sign of the number differences
JAθ , J
B
φ . This has been pointed out in the Ref. [17]. Be-
cause we can amplify α, this gives a situation whereby
one can falsify local hidden variables for measurements
of particle number difference that can tolerate an uncer-
tainty (or poor resolution) that increases as α increases,
the uncertainty becoming macroscopic as α → ∞. An
example of the state |ψ〉 is the pair coherent state
|ψ〉 = e
r20
2pi
√
I0(2r20)
ˆ 2pi
0
|r0eiζ〉|r0e−iζ〉dζ (5.9)
(I0 is the modifed Bessel function, r0 = 1.1) that is gen-
erated near the threshold of nondegenerate parametric
oscillation [22].
As α increases, we argue that the +1 and −1 outcomes
for SˆAθ ultimately become macroscopically distinct (and
similarly the +1, −1 outcomes for SˆBφ become macroscop-
ically distinct). The measurements SˆAθ and Sˆ
B
φ are then
examples of macroscopic measurements MˆAθ and Mˆ
B
φ and
the violation of (5.8) is a violation of (5.1). In this limit
we would violate “macroscopic local realism”.
To understand the argument, we define a region of
measurement outcome x for JˆAθ where the result falls
between −δ and +δ for some δ 6= 0 (see Figure 4). We
call this region 0, and also define the region of outcome
9x ≥ δ as region 2, and the region of outcome x ≤ −δ as
region 1. Then for fixed δ, the probability P0 of a result
in the region 0 becomes zero as α → ∞. Yet the viola-
tion of the Bell inequality is unchanged with α (Figure
6). Hence, violation of the inequality (5.1) is possible
for the two outcomes +1 and −1 that for large enough
α can be justified as separated by a region of width 2δ.
This is true for any arbitrarily large fixed δ, because α
can be made larger without altering the Bell violation.
Hence, there is a prediction for a violation of mesoscopic/
macroscopic local realism.
The violation of the inequality (5.8) would imply a vio-
lation of δ−scopic local realism where 2δ is the separation
between the outcomes + and −1. For a realisation of the
experiment, however, there will be a small nonzero prob-
ability for a result in the region 0 and this must be taken
into account. A method for doing this is explained in the
next section.
D. Practical quantifiable δ-scopic local realism tests
The macroscopic realism premise (MR) would apply if
δ is macroscopic and P0 = 0. Then MR asserts that if we
consider two states with outcomes confined to regions 1
and 2 respectively, the system must be in a probabilistic
mixture of those two states. The meaning of MR for the
more general case where P0 6= 1 is discussed in the paper
of Leggett and Garg [13] and further in Refs. [11, 24, 37].
The MR premise for this generalised case is that the
system be described as a probabilistic mixture of two
overlapping states: the first gives outcomes in regions
“1” or “0”; the second gives outcomes in regions “0” or
“2”. The MR assumption excludes the possibility that
the system can be in a superposition of two states, one
that gives outcomes in region 1 and the second that gives
outcomes in 2. It does not however exclude superposi-
tions of states with outcomes in region 1 and 0, or su-
perpositions of states with outcomes in regions 0 and 2.
Where δ is finite and not necessarily macroscopic, we use
the term δLR to describe the premise that is used.
We follow the approach of Ref. [37], and denote the
hidden variable state associated with the outcomes in
regions “1” or “0” for the system at A by the variable
S˜A = −1 and the hidden variable state that generates
outcomes in regions “0” and “2” by S˜A = 1. We define
the variable S˜B similarly. The macroscopic locality as-
sumption applies to assert that the measurement at one
location cannot change the result at the other in such a
way that the system changes value of S˜ from +1 to −1,
vice versa. We can define P+ and P− as the probabil-
ity that the system is in the state with S˜ = +1 or the
other state with S˜ = −1. Then we note that the δ-LR
assumptions would predict the Bell inequality
E = 〈S˜Aθ S˜Bφ 〉 − 〈S˜Aθ S˜Bφ′〉+ 〈S˜Aθ′ S˜Bφ 〉+ 〈S˜Aθ′ S˜Bφ′〉 ≤ 2
(5.10)
catBcatA
±δ ±δ
Figure 7. Macroscopic pointers: The macroscopic observables
Jθ, Jφ for two cat-systems A and B depicted in Figure 5 are
the macroscopic pointers for the quadrature phase amplitude
measurements of the microscopic systems a1 and b1. The
violation of the inequality (5.11) reveals a nonlocal effect of
size δ between the two pointers. This provides a test in which
the signature negates a genuine indeterminacy of the position
of the pointer, to within the ±δ. The size of δ can be amplified
by increasing the value of the coherent amplitude α. However,
the indeterminacy is at the quantum noise level, and the two
pointers are not correlated at that level.
However, the moments Kθφ = 〈S˜Aθ S˜Bφ 〉 are no longer di-
rectly measurable, because an outcome between −δ and
+δ could arise from either state, S˜ = −1 or +1. How-
ever, we can always conclude that P1 ≤ P− ≤ P1 + P0
and P2 ≤ P+ ≤ P2 + P0, where P1, P2 and P0 are the
measurable probabilities of obtaining a result in regions
1, 2 and 0 respectively (Figure 4). Hence, we establish
bounds on the correlations assuming δLR, even if the P0
are measured to have a nonzero probability. The modi-
fied inequality is
Eδ = K
lower
θ,φ −Kupperθφ′ +Klowerθ′φ +Klowerθ′φ′ ≤ 2 (5.11)
where Klowerθφ and K
upper
θφ are lower and upper bounds
to Kθφ i.e. Klowerθφ ≤ Kθφ ≤ Kupperθφ . We see that
Klowerθφ = P2,2(θ, φ)+P1,1(θ, φ)−P10,20(θ, φ)−P20,10(θ, φ)
and Kupperθφ = P20,20(θ, φ) + P10,10(θ, φ) − P1,2(θ, φ) −
P2,1(θ, φ). We introduce the notation that P20,10, for
example, is the joint probability for an outcome Jz in
regions 2 or 0 at A with the measurement angle set at θ
and an outcome x in 1 or 0 at B with the measurement
angle set at φ.
The modified inequality (5.11) gives a practical means
to demonstrate a violation of an δ-scopic local realism
for a finite δ where there is a small probability P0 of an
outcome in the region defined by −δ < x < δ. A similar
inequality has been derived for Leggett-Garg experiments
[37]. For realistic tests based on current experiments, the
shifts δ may not be macroscopic, but nonetheless offer a
route to test local realism beyond the single particle level
considered in experiments so far.
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E. The macroscopic pointers
In the experiment of Figure 5, the two cat-states at A
and B act as two pointers for the microscopic quadrature
phase amplitudes of the original entangled field modes de-
noted a1 and a2. There is a correlation between the “posi-
tion” J of each pointer as indicated by a particle number
difference N+ − N− and the original amplitude of the
mode. However, the “positions” of the two pointers are
not well-correlated i.e. one pointer does not accurately
measure the position of the other, at least not to a preci-
sion given by the quantum noise level of the uncertainty
relation (5.7). This is evident by the plot of Figure 6b
which shows a weak correlation between the quadrature
phase amplitudes at each location. While the pointers
are entangled, they are not well-correlated: The range of
positions over which a pointer become interpretable as
“being in simultaneously in both places” (or else shifted
between those two places by measurements on a second
pointer) is at this quantum noise level.
VI. DISCUSSION AND CONCLUSION
In summary we have examined different approaches to
signifying a Schrodinger cat-state, and contrasted with
testing macroscopic realism. In Section II we consid-
ered a model of a cat-system in which the cat is de-
scribed as a probabilistic mixture of two distinguishable
quantum states, one describing the “cat” being “dead”
and the other the “cat” being “alive”. Criteria to negate
this model (which we call macroscopic quantum realism
MQR) were derived in the form of inequalities based on
the assumption that uncertainty relations hold for all
quantum states. We called this negation a Type I sig-
nature of a cat-state.
In Section III we examined models for the cat-system
that do not require the dead and alive states of the cat
to be quantum states, but rather allow them to be hid-
den variable states subject to the condition of locality
between the cat-system and a second remote system S.
We called this model a localised macroscopic hidden vari-
able state model (LMHVS). Criteria to negate the LMVS
model were called Type II signatures, and included the
violation of multipartite Bell inequalities.
It was explained in Section IV that both the MQR and
LMHVS models make assumptions about microscopic
predictions for measurements. Hence the Type I and
Type II signatures do not directly falsify macroscopic re-
alism. Macroscopic realism (MR) asserts that the cat
is predetermined dead or alive, prior to a coarse-grained
measurement Mˆ that distinguishes whether the cat is
dead or alive (without measurement of the other details
of the system). Macroscopic realism therefore asserts the
validity of a macroscopic hidden variable λM to describe
the system: the λM predetermines whether the cat will
be measured dead or alive according to a measurement
Mˆ . Both the MQR and LMHVS models incorporate the
macroscopic hidden variable λM , but also assume other
hidden variables that give a predetermination for other
measurements that are finely resolved. We cannot there-
fore exclude that the results of an experiment signifying
the cat-state are caused by a microscopic nonlocal effect
(such as a change of spin of one of the particles in a GHZ
state) rather than a failure of MR.
In Section IV, we considered the classic example where
the cat-system C models the macroscopic pointer of a
measurement apparatus that measures the spin of system
S. After a measurement interaction, quantum theory
predicts the pointer C to be entangled with the system
S. The entangled states are of the form of the cat-states
that we considered in Sections II and III. We argue that
without the negation of the macroscopic hidden variable
of the pointer system, the simplest interpretation of the
pointer is not that it negates macroscopic realism (where
the needle is pointing “in two places at once”). Rather,
it can be interpreted that the pointer is (approximately)
at one place or the other but with small nonlocal effects
between the pointer C and the measured system S.
The key question then becomes to find a scenario for
testing macroscopic realism where the observed effect
cannot be explained by microscopic nonlocality. We show
in Section V how this might be possible provided “macro-
scopically distinguishable outcomes” refers to outcomes
with a large shift δ in particle number relative to two
spatial locations. For the examples that we consider how-
ever, the shift although large in absolute terms is small
relative to the total number of particles of the system.
Using this meaning of “macroscopic”, we outline a pro-
posal to test macroscopic local realism where two cat-
systems are generated using two entangled field modes
prepared in a state predicted to violate a continuous vari-
able Bell inequality. A practical method for testing meso-
scopic local realism is outlined. The cat-systems and the
two macroscopically distinguishable outcomes for each
cat-system are created using an amplification brought
about by local oscillator fields. This amplification can
be interpreted as part of the measurement process, sim-
ilar to Schrodinger’s original example. In the proposed
experiments, the measurement process amplifies the mi-
croscopic quantum noise levels into the more macroscopic
fluctuations of a macroscopic particle number difference
observable. The highly non-classical mesoscopic effects
that are predicted can then be understood as a property
of amplified quantum fluctuations.
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